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The Milky Way and Resolved Stellar Populations: 
the outlook for VLT in 2030
Eline Tolstoy,    
Kapteyn Astronomical Institute, University of Groningen
The operations model for ESO - VLT - allowed 
major strides forward in stellar spectroscopy 
from the earliest times with UVES, and 
continuing with FLAMES and X-Shooter
UVES was 7 years later than HIRES on Keck - but 
Keck rarely looked at stars… (at first)
• What is the scientific value of studying nearby galaxies star by star with VLT?
• What is happening now in this field, and what will happen over the next 10 
years or so?
• What should we be prepared for in 10 years time on the VLT?
The Questions:
Resolved Stellar Systems: Omega Centauri
credit: NASA, ESA & J. Anderson (STScI)
spatial resolution - sensitivity - photometric accuracy – field of view - astrometry
distance ~5 kpc
Spectroscopy




3 − 8 Gyr
1.1 − 3  Gyr
< 300 Myr





Tolstoy, Hill & Tosi 2009
Cole et al. 2007

































































Compilation from Madau & Dickinson (2014)
























































Compilation from Madau & Dickinson (2014)
 
K2 star  ~25 Gyr   0.8M⦿
G8 star  ~10 Gyr1M⦿
F5 star  ~ 5 Gyr1.25M⦿
O3 star  ~ 2.5Myr
B0 star  ~ 16 Myr



















































3 − 8 Gyr
1.1 − 3  Gyr
< 300 Myr
300 Myr − 1.1Gyr
Galactic Palaeontology










































































Milky Way from Paranal     credit: ESO/Yuri Beletsky
Pan-STARRS1: RR Lyrae
1. wide angle survey to select candidates (proper motion, 
colour,  low resolution spectra)
2. follow up with medium resolution spectroscopy
3. high resolution spectroscopy of final candidates
How to find the illusive extremely metal poor stars?
the most ancient objects in the Universe







Ca II H and K lines
Only eight stars are known with less than 1/100,000th the solar 
iron-to-hydrogen ratio, [Fe/H] < −5, (Frebel & Norris, 2015) 












Frebel & Norris 2015 ARAA, 53, 631




PRISTINE, Starkenburg et al. 2018
The GAIA revolution
Picture: S. Brunier/ESO; GRAPHIC SOURCE: ESA
Launch:   20th December 2013
DR1: 14th September 2016
DR2: 25th April 2018
> 1 billion sources
GAIA DR2 MAP OF STELLAR DENSITY
Position and brightness of almost 1.7 billion stars, and parallax, proper motion and colour of more than 1.3 billion stars, radial velocities of more than 7 million stars, the amount of 
dust between us and 87 million stars. There are more than 500 000 variable sources, and the position of 14 099 known Solar System objects – most of them asteroids.
96 million stars 
most accurate distances 
800 000 yrs
Acknowledgement: Gaia Data Processing and Analysis Consortium (DPAC); Image: A. Moitinho / A. F. Silva / M. Barros / C. Barata, University of Lisbon, Portugal; H. Savietto, Fork Research, Portugal; 
Animation: Gaia Sky; S. Jordan / T. Sagristà, Astronomisches Rechen-Institut, Zentrum für Astronomie der Universität Heidelberg, Germany
Perryman et al. 1995
~40 000 stars 
HIPPARCOS
           Gaia collaboration, Babusiaux et al. 2018
4 276 690 stars 
Gaia Collaboration, Brown et al. 2018
http://sci.esa.int/gaia/60232-the-motions-of-96-million-stars/
Malhan et al. (2018); Ibata et al. (2019)
Stellar streams detected in Gaia DR2 There are a lot of non-equilibrium structures being found in the Milky Way by Gaia.
Malhan et al. (2018); Ibata et al. (2019)
Stellar streams detected in Gaia DR2 There are a lot of non-equilibrium structures being found in the Milky Way by Gaia.
Depth vs. Distance 
from The Detailed Science Case of MSE   9/4/2019 [adapted]
TRGB - Av=0
based on 100 square degree region near north Galactic cap
Differential Star Counts based on Besançon models
based on scheme in Gilmore, Randich et al. (2013)
Importance of large spectroscopic surveys 
Gaia stars R>16 miss radial velocity.
need spectroscopy in both hemispheres for MW studies - especially halo
A dwarf galaxy in the Milky Way halo?
Nissen & Schuster 2010 A&A
VLT/UVES: 4800–6800Å; R ≃ 55 000; S/N ~ 250–500.     
NOT/FIES: 4700–6400Å; R ≃ 40 000; S /N ~ 140–200. 
7-9D
Halo stars near the Sun: larger sample 
Koppelman, Helmi & Veljanoski (2018)
within 2.5kpc radius of Sun
6366744 stars. 6D sample
5980 halo stars (1% of sample)
Abundances from APOGEE
Helmi et al (2018) Nature
APOGEE within  5 kpc
lower [alpha/Fe] at same [Fe/H] than thick disk
stars formed elsewhere with lower SFR 
smaller potential well: M* ~ 6 x 108 M⦿ 
LMC disc:  Van der Swaelmen et al. (2013)
Hayes et al. (2018)
7-9D
Colour-Magnitude Diagram: ages
Helmi et al (2018)
stars younger than thick disk
Vt > 200 km/s
halo
Gaia Collaboration (2018): Babusiaux, et al
10-11D
Next 10 years…
from The Detailed Science Case of MSE   9/4/2019  [adapted]
Galactic Archaeology with WEAVE
  
slide from Vanessa Hill (adapted)
• First light Q4 2019
• Survey start Q1-Q2 2020, for 5 yrs at 70% of WHT time
WHT
Galactic Archaeology with WEAVE
  
slide from Vanessa Hill (adapted)
• First light Q4 2019




~4 million stars to unravel the Milky Way history !
WHT
Halo LR survey footprint
4MOST-GA surveys
Wide-field highly multiplexed spectroscopic facility on VISTA 
– 2.5 deg diameter FOV and 2400 fibers 
– 2 LR (R~5-8k) and HR (19-21k) spectrographs 
– High throughput/ high survey efficiency 
– Start of operations in November 2022
ESO Messenger 175 – March 2019
Halo HR comparison spectra at S/N~50/pix
The Future - 2030
In 2030 - we will likely have a good understanding of Milky Way at LR,
meaning Fe and some alpha abundances for 15-20million stars
But we will lack detailed abundances of heavy elements, especially for
a significant number of halo stars for a large fraction of these stars.
GAIA will not be flying in 2030 - but the catalogue will be complete and it 
will take many years if not decades to fully interpret the entire catalogue.
Limitations of 4m telescopes
R ~ 20-30k
from The Detailed Science Case of MSE   9/4/2019
TRGB - Av=0
Carl Sagan
The necessity of Spectral Resolution






R ~ 55 000
Sneden et al. 2008 ARAA
There are few, if any, suitable lines of heavy (r- and s-process) 
elements available in the infrared. Hence, optical surveys are 
required to answer one of the burning questions of our time: 
what is the origin of r-process elements? 
from The Detailed Science Case of MSE   9/4/2019
Things we don’t understand and need high resolution high 
S/N spectroscopy (R≳40-60k) for large samples
• origin of the elements heavier than He (chemical tagging)
• r-process origin(s) - the role of n-star mergers, and ancient SN
• i-process?
• What were the properties of the first stars
• Light elements - including Lithium
• Time scales for range of different elements to build up
• Effects of different environment on chemical evolution
• Link between fields stars and star clusters
We also need to improve models of SN yields, stellar atmospheres 
as well as stellar evolution to match these improved data sets - 
models need to be able to make use of large samples not just a few 
individual stars.
MSE is proposed to be a 11.25m 
segmented primary mirror and a 
1.52sq. degree field of view 
We will have LR (6-8k spectra) of many tens of millions of Galactic stars with Gaia PMs and Plxs
this will mostly be disk (thin and thick) - and some halo and external systems (GCs, OCs, dwarf galaxies, streams) 
from WEAVE, 4MOST, MOONS, DESI, PFS etc.
HR (20k) many millions of Galactic stars with Gaia PMs and Plx - mostly disks. impossible to get external galaxies 
with high resolution - also very limited numbers of halo stars
from WEAVE, 4MOST, MOONS
from 8m smaller scale surveys looking in detail at deeper samples or at high spectral resolution or extended 
wavelength range etc.
What we should have in 2030:
MAVIS  (CMDs of more distant systems)
UV Spectrograph  (critical wavelength range for heavy elements)
UVES  (workhorse - always useful for following up particularly interesting cases, fibres to FLAMES)
ESPRESSO  (ditto UVES - going fainter with 4UTs)
X-shooter excellent quick long wavelength range follow-up of interesting targets from surveys
CRIRES+   HR IR - interesting for particular extinction regions, also AGB stars
MOONS (reddened parts of Galaxy - plane of disk, bulge, young clusters, but also beyond this)
4MOST  (critical surveys at LR and HR of Gaia targets)
FLAMES (would it be possible to upgrade Giraffe?) to R>40-60k - serious HR surveys, small area & no. fibres remains fine
A new wide field MOS Res~40000 to Rmag~20  [11m?/MSE-like]
what is really missing from current SOLID plans is HR MOS… 
this means at least R=40-60k
high spectral resolution (R>40-60k) MOS would be 
a totally unique angle and is the logical next step.
What would/will be useful in 2030
Allende Prieto 2016
from The Detailed Science Case of MSE   9/4/2019
IDEAL: next generation spectroscopic survey 
telescope - at high spectral resolution 
(R>40-60k) in the southern hemisphere. 
Enriching chemical diversity =
• opening up discovery space
• accessing more independent nucleosynthetic channels 
• What is the scientific value of studying nearby galaxies star by star with VLT
The Answers:
• What is happening now in this field, and what will happen over the next 10 
years or so?
• What should we be prepared for in 10 years time on the VLT?
Huge - “local group cosmology”
Dramatic - the legacy of Gaia will take many years to process
High resolution (R>40-60k) multi-object spectroscopy  - it’s the next logical step
